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PURPOSE 

Experimental  and  theoretical  analysis  will  b?  conducted  to  determine 
the  power  conversion  efficiencies  for  harmonic  generation  due  to  nonlinear 
quantum  susceptibilities.  Analysis  of  partly  resonant  two-level  schemes 
will  be  conducted,  but  emphasis  will  be  placed  on  the  investigation  of 
resonant  harmonic  generation  within  gaseous  media,  where  two  levels  are 
in  resonance  with  the  harmonic  output,  and  intermediate  levels  can  be 
used  to  reduce  pump  power  requirements  for  operation  with  optimum  effi¬ 
ciency.  Of  primary  importance  in  the  experimental  phase  of  work  is  the 
development  of  suitable  resonant  structures  to  support  the  multiple  quan¬ 
tum  system. 
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ABSTRACT 


The  difficulty  of  obtaining  a  large  filling  factor  with  crossed  interfer¬ 
ometers  at  the  fundamental  and  harmonic  frequency  was  discussed  in  the 
last  quarterly  report.  The  use  of  a  beam  splitter  to  couple  the  two  fre¬ 
quencies  has  been  proposed.  The  design  and  preliminary  testing  of  a 
metal  strip  and  a  dielectric  sheet  beam  splitter  was  accomplished  in  this 
quarter.  Fabrication  of  a  beam  splitter  is  a  difficult  task  because  of  the 
necessity  of  preserving  the  resonator  Q  with  the  beam  splitter  installed. 
This  problem  is  discussed. 

Several  asymmetric  gases  for  use  in  the  totally  resonant  are  still 
under  investigation.  Because  of  the  corrosive  and  toxic  properties  of 
many  of  these  gases,  emphasis  has  been  placed  on  a  search  for  a  gas 
with  the  proper  energy  levels  that  can  be  handled  in  a  conventional  vacuum 
system.  A  tabulation  of  gases  under  consideration,  and  their  toxicity  and 
handling  problems,  is  given  in  the  body  of  this  report.  Methylene  chloride, 
methylene  fluoride,  and  difluoroethylene  appear  to  have  the  best  handling 
characteristics.  A  possible  scheme  for  pumping  methylene  chloride  ha. 
been  found.  Further  evaluation  of  the  other  gases  has  been  started.  En¬ 
ergy  levels  for  methylene  fluoride,  difluoroethylene,  formaldehyde,  vinyl 
cyanide,  benzonitrile  and  nitrosyl  chloride  are  given  in  Appendix  A.  A 
nickel  monel  vacuum  system  was  constructed  to  test  the  corrosive  prop¬ 
erties  of  these  gases. 

The  experimental  effort  during  the  fourth  quarter  is  r.  .dewed.  Major 
emphasis  was  placed  on  high  power  tests  for  the  two-level  scheme  and 
parallel  plate  interferometer  and  beam  splitting  tests  for  the  totally  re¬ 
sonant  system.  In  the  area  of  the  two- level  system  a  sapphire  window 
has  been  designed  and  fabricated.  This  window  was  successfully  operated 
at  30  kW  in  a  corrosive  atmosphere.  Martin  Company  purchased  an  in¬ 
verted  coaxial  tunable  magnetron  to  replace  the  Microwave  Associates' 
magnetron.  Since  methyl  fluoride  decomposes  forming  hydrofluoric  acid 
in  the  presence  of  the  high  power  microwave  field,  the  microwave  plumb¬ 
ing  has  been  nickel  plated.  Fluroform  gas  has  also  been  tried  in  the  two- 
levei  8>stem.  This  gas  is  very  inert  thermally  and  did  not  decompose 
when  the  high  power  microwave  energy  was  applied.  The  totally  resonant 
experiments  included  tests  on  the  gold  plated  nickel  interferometers  at 
40  GHz  and  120  GHz.  Beam  splitters  were  designed  and  tests  performed. 


ix 


Quantum  mechanical  calculations  were  performed  to  determine  the 
time  dependence  of  the  expectation  value  of  the  polarization  operator 
and  are  presented  in  Appendix  B. 
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I  CONFERENCES  AND  PUBLICATIONS 

G.  W.  Bechtold  of  the  Martin  Company  Physical  Sciences  Research 

(Laboratory  (Orlando,  Florida)  conferred  with  Dr.  Harro  Andresen,  Con 
tract  Monitor,  at  the  United  States  Army  Electronics  Command,  Fort 
Monmouth,  New  Jersey,  on  8  February  1966. 
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I.  INTRODUCTION 


Multiple  quantum  effects  have  been  predicted  since  the  introduction  of 
quantum  mechanics  (Reference  1)  and  have  manifested  themselves  in  many 
ways.  For  example,  such  phenomena  have  been  associated  with  Raman 
processes  (References  2  through  8),  molecular  beam  transitions  (Ref¬ 
erences  9  through  17),  and  optically  pumped  schemes  (References  18 
through  26).  More  recently,  r  multiple  quantum  transitions  have  been  ob¬ 
served  in  the  microwave  region  and  the  feasibility  of  frequency  conversion 
because  of  nonlinear  quantvun  susceptibilities  has  been  experimentally 
demonstrated  (References  27  through  30). 

The  interesting  possibility  of  producing  millimeter  and  submillimeter 
radiation  from  such  schemes  has  led  to  the  consideration  of  partly  reso¬ 
nant  (Reference  31)  and  resonant  (References  32  and  33)  techniques.  From 
an  analysis  of  the  power  conversion  efficiencies  of  the  two  methods,  the 
resonant  frequency  mixing  scheme  shows  the  greater  promise  for  frequency 
conversion  devices  in  the  millimeter  region  and  requires  a  more  careful 
selection  of  materials.  An  effective  technique  must  be  devised  for  obtain¬ 
ing  a  high  filling  factor. 

In  this  report,  the  design  of  thin  metallic  strip  and  dielectric  sheet 
beam  splitter  is  reviewed.  The  gas  handling  problem  and  the  experimental 
work  performed  during  the  quarter  are  discussed. 
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II.  TECHNICAL  DISCUSSION 
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A.  DESIGN  OF  BEAM  SPLITTERS 

It  was  shown  in  the  last  quarterly  report  that  the  filling  factor  of  crossed 
parallel  plate  interferometers  decrease  very  rapidly  as  a  function  of  inter¬ 
secting  angle.  One  technique  used  to  overcome  this  problem  is  the  use  of 
a  frequency  sensitive  beam  splitter  that  reflects  one  of  the  frequencies  in 
the  interaction  region  and  transmits  the  other  frequency.  The  most  prom¬ 
ising  beam  splitters  are  the  polarizing  slat  grating,  grid,  interference  thin 
film,  and  dielectric  sheet  types.  The  need  to  posivion  a  beam  splitter  in 
the  resonator  with  a  minimum  change  in  performance  is  a  major  problem. 

In  earlier  tests,  any  perturbation  placed  between  the  plates  of  the  resonator 
decreased  the  Q  to  a  very  low  value.  Preliminary  attempts  to  place  thin 
metallic  strips  in  the  resonator  were  unsuccessful.  Metallic  strips  act 
as  a  waveguide  beyond  cutoff  foi  one  of  the  resonator  frequencies  de¬ 
sign  calculation  of  a  beam  splitter  employing  this  principle  is  as  follows: 


where 

is  the  attenuation 
X  is  the  operating  wavelength 
X^  is  me  cutoff  wavelength 

For  —  =  2;  .  \  =  11;  X  ^  0.35  inch  at  35  GHz 

Xc 

If  we  take  Xo  *  0.35  x  2  x  2.54  and  length  of  waveguide  (1)  equals  2  cm, 
then  the  amplitude  attenuation  is 
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Power  atten'iation  is  e  =  e  ‘  .  To  convert  to  dB  we  have  power 

lost  (dB)  »  10  log  X  “  10  log  e"40.52  s  234  dB.  This  is  the  loss  for  trans¬ 
mission  cf  the  fundamental  signal  through  the  waveguide  operated  beyond 
cutoff.  For  transmission  of  the  third  harmonic  signal  we  have  \/\q  = 
i;:  X  0, 33/(3  X  0.35)  =  0.C6.  Attenuation  of  0.05  dB  per  meter  is  then  read 
f»'om  Figure  5-2-6  of  Reference  34. 

To  determine  the  spacing  of  the  strips  we  have  \/\c  =  2;  =  0.175 

and  the  spacing  between  strips  is  2a  ~  a  =  0.0875  where  a  is  the  spac¬ 
ing  between  strips. 

To  obtain  the  necessary  low  transmission  loss  for  the  higher  frequency 
signal  it  is  necessary  to  have  thin  strips  that  have  high  conductivity  and 
a  high  surface  finish.  There  should  be  a  sufficient  number  of  strips  and 
the  strips  should  be  high  enough  to  fill  the  region  occupied  by  the  resonator 
field.  One  possible  fabrication  technique  would  be  that  of  using  mylar 
sheets  with  gold  deposited  on  the  surface.  It  would  then  be  possible  to 
surface  match  the  air-dielectric  interface.  A  schematic  of  this  reflector 
design  is  shown  in  Figure  1. 

The  dielectric  sheet  reflector  beam  splitter  was  investigated  in  more 
detail  than  the  metal  strip  reflector.  This  beam  splitter  is  the  microwave 
equivalent  of  the  optical  beam  splitter  used  in  spectrometers.  A  dielec¬ 
tric  sheet  is  placed  in  the  field  of  the  resonator  at  an  oblique  angle  to  the 
wavefront.  A  wave  impinging  on  this  interface  splits  into  a  reflected  and 
transmitted  wave.  The  relative  amplitudes  of  the  two  components  is  a 
function  of  the  angle  of  incidence,  dielectric  constant,  and  thickness  of 
dielectric  material.  A  sample  calculation  will  be  performed  to  compute 
<he  required  thickness  for  a  sheet  of  mylar  to  split  the  beam  into  two 
equal  components.  The  polarization  is  assumed  to  be  perpendicular  and 
the  effect  of  dielectric  loss  is  neglected  in  this  case.  The  following  equa¬ 
tions  are  given  in  Chapter  12  of  Reference  35: 

2  2  2  - 

n  cos  0-  -  (n,  -  n  sin  0-)* 

_  _a _ 0  b  a _ 0 

^  ,  2  2.2^  .f 

n  cos  0_  +  (n,  -  n  sin  0_) 

a  0  D  a  0 

where 

r^^  is  the  amplitude  reflection  coefficient 

n  is  the  index  of  refraction  for  medium  1 
a 

n.  is  the  index  of  refraction  for  medium  2 
b 

0Q  is  the  angle  of  incidence  measured  from  the  wave  normal. 
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Metal  Strips 


Figure  1.  Metal  S-trip  Beam  Splitter 
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where 

is  the  free  space  wavelength 

d  =  0.0292  for  40  GHz 
d  =  0.0097  for  120  GHz. 

The  calculation  will  not  be  repeated  for  the  case  of  parallel  polarization 
since  reflection  is  less  when  the  wave  is  parallel  polarized  and  the  angle 
of  incidence  is  about  90  degrees.  A  rough  indication  of  the  variation  of 
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•power  reflection  coefficient  versus  angle  of  incidence  is  shown  in  Figure 
11.4  of  Reference  05.  Since  the  plot  is  given  for  the  parameter  c/co  ®  ^ 
it  is  not  accurate  for  the  case  under  consideration. 


For  the  case  of  a  lossy  dielectric  the  mathematics  are  more  compli¬ 
cated.  The  equation  for  the  power  reflection  coefficient  is  as  follows: 


(lossy)  = 


where 


A  is  the  transmission  amplitude  through  a  lossy  medium, 

X  is  an  additional  phase  shifting  term  that  indicates  the  dielectric 
loss. 

For  low  loss  material  such  as  mylar,  the  effect  is  to  change  the  reflec¬ 
tion  coefficient  slightly.  A  further  consideration  is  the  flatness  of  the 
surface  to  the  impinging  wavefront.  The  plates  of  the  interferometer  must 
be  flat  to  approximately  100  millions  of  an  inch  at  120  GHz  for  the  path 
lengths  to  have  equal  phase.  It  is  also  necessary  that  the  dielectric  pos¬ 
sess  a  greater  degree  of  flatness  because  of  its  higher  dielectric  constant. 
Since  this  velocity  is  proportional  to  the  square  root  of  the  dielectric 
constant,  it  is  necessary  that  the  flatness  be  held  to  approximately  1.5 
times  that  of  the  interferometer  plates. 

The  single  sheet  type  c-"  beam  splitter  that  splits  the  beam  into  two 
equal  transmitted  and  reflected  components  cannot  be  used  in  the  double 
resonator  field  because  one  mode  must  be  transmitted  without  loss  while 
the  other  mode  is  completely  reflected. 

Beam  splitter  designs  necessary  to  obtain  maximum  reflection  of  one 
signal  and  maximum  transmission  of  the  other  signal  will  now  be  discussed. 
The  design  of  a  single  dielectric  sheet  resonator,  with  the  sheet  positioned 
at  an  oblique  angle  to  the  incident  radiation,  can  be  accomplished  in  two 
ways.  The  sheet  could  be  made  of  resonant  length  to  the  fundamental  fre¬ 
quency  while  reflecting  the  harmonic  frequency.  The  sheet  could  also  be 
made  of  resonant  length  to  the  harmonic  frequency  while  reflecting  the 
fundamental  frequency.  The  design  criteria  would  obtain  99.9  percent 
transmission  for  the  transmitted  signal  and  99.9  percent  reflection  for 
the  reflected  signal. 
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To  make  the  sheet  resonant  at  the  fundamental  frequency  we  have 


0/2  .  2  ^ 

2(n  -  sin  0  r 
o 

2 

where  the  terms  have  been  defined  in  a  previous  section  for  n  =  2.2  (mylar) 
0Q  =  45  degree  X  =  0.296 

.  0.296 

a  ■  2  X  1  3  ~  inch. 

To  find  the  amount  of  power  reflected  at  the  harmonic  frequency 


n  cos  0  -  (n,  ^  -  n  ^  sin^  0 
_  _a _ o  D  a  o 

^ab  ^  o  a.  /  2  2  .  2  ^ 

n  cos  0  +  (n.  -  n  sin  0  ) 

a  o  1>  a  o 


n^  =  1;  cos  45  degrees  =  0.707;  n^  =  2.2 


0^707  -  (2^  -  0.5)" 


r  =  -0.295 


0.707  +  (2.2  -  0.5)" 


.  _  2»d  ,„2  _,„2  „  ,  0.114  X  360  x  (2.2  -  0.5)2 

^-—{K  -  sin  0^)  - - 550 

o 


4(0.295)^  sin^ 


1  (-  0.295)^  +  4  (-  0.295)^  sin^  <t> 


0.0271. 


In  this  case,  less  than  3  percent  of  the  power  of  the  reflected  signal  is 
reflected.  This  loss  value  of  the  power  reflection  coefficient  results  in  a 
unusable  value  of  Q  at  the  harmonic  frequency. 

To  make  the  dielectric  sheet  resonant  at  the  harmonic  frequency  we 
have 

d  =  - -i—  ^  0.033  r  .  =  -0.295 
3  ab 

.  0.038  x  360  x  1.3  ^ 

♦ - 0156 - degrees 
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0.239. 


|p|2  4(0.087)  (0.75) 

■  0.83  +  4  (0.087)'(0.75^ 

This  design  is  feasible  if  multilayer  dielectric  sheets  are  used  to  increase 
the  reflectivity.  This  technique  is  discussed  in  Reference  36.  However, 
the  fabrication  problem  is  more  difficult  be  cause  the  sheets  must  be  flat 
and  the  power  absorbed  from  the  transmitted  signal  is  increased.  The 
problem  of  changing  the  polarization  of  the  reflected  wave  due  to  oblique 
incidence  would  need  investigation. 

Another  technique  with  less  problems  than  the  single  dielectric  sheet 
is  the  multiple  dielectric  sheet  reflector  at  normal  incidence.  A  config¬ 
uration  utilizing  this  type  of  reflector  is  shown  in  Figure  2.  The  funda¬ 
mental  frequency  signal  is  fed  through  a  horn  and  lens  on  one  side  of  the 
dielectric  stack,  but  the  harmonic  frequency  is  fed  through  a  horn  and  lens 
to  the  other  side  of  the  dielectric  stack.  The  electrical  thickness  of  the 
dielectric  can  be  made  resonant  at  either  the  fundamental  frequency  or 
the  harmonic  frequency.  The  reflection  of  the  nonresonant  signal  is  cal¬ 
culated  from  the  known  thickness  of  the  sheet.  If  the  sheets  are  a  quarter 
wavelength  thick  at  the  harmonic  frequency  it  would  require  five  sheets  to 
realize  99.5  percent  reflectivity.  This  result  is  obtained  from  Reference 
36  and  is  calculated  for  fused  quartz  with  a  dielectric  constant  of  3.8  and 


Fundamental 

Frequency 


Figure  2.  Multiple  Dielectric  Sheet  Reflector 
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a  loss  tangent  of  0.0004.  To  calculate  the  transmission  loss  for  the  funda' 
mental  frequency  signal  we  have 


1.48  -  1 
1.48  +  1 


0.193 


r^l^  is  calculated  for  mylar 


IR' 


2 


4> 

2 


4(0.193r  0.25 


|l  -  (0.193^^ 


+  ^  sin^ 


=  0.039. 


Approximately  4  percent  of  the  incident  radiation  at  the  fundamental  fre¬ 
quency  is  reflected.  This  design  will  limit  the  Q  of  the  fundamental  fre¬ 
quency  signal  to  a  low  value.  The  use  of  the  angle  parameter  is  now  being 
considered. 


On  the  basis  of  these  calculations  the  metal  strip  beam  splitter  that 
operates  as  a  waveguide  beyond  cutoff  for  the  fundamental  frequency  sig¬ 
nal  is  the  most  promising.  Several  dielectric  sheet  beam  splitters  have 
been  tried  and  a  metal  strip  beam  splitter  is  being  fabricated. 


B.  GAS  SELECTION 


The  study  of  gases  for  use  in  the  totally  resonant  multiple  quantum 
system  was  continued  in  the  fourth  quarter.  Information  was  accumulated 
on  the  following  gases: 


1  Nitrosyl  chloride 

2  Methylene  chloride 

3  Vinylene  carbonate 

4  Thionyl  fluoride 


6  Methylene  fluoride 
1_  Vinyl  cyanide 

8  Hydraroic  acid 

9  Ethylene  sulfide 


5  Benzonitrile 


10  Diflu  rosilane 


1 1  Isothiocyanic  acid  21  Difluoroethylene 

12  Formaldehyde  l£  Nltrosyl  fluoride 

The  following  problem  areas  associated  with  gases  were  investigated; 

2  Availability  and  physical  properties  of  suitable  gases 

2  Energy  levels 

3  Fabrication  of  a  vacuum  system  to  determine  corrosive  properties. 

Following  is  a  list  of  gases  that  are  commercially  available  and  a  brief 
description  of  each: 

1  Nitrosyl  chloride  is  available  from  Air  Products,  J.  T.  Baker  Con>* 

”  pany,  and  Matheson  Company.  This  gas  is  nonexplosive,  but  it  is 

very  corrosive  and  very  reactive.  Nitrosyl  chloride  decomposes 
upon  contact  with  moisture  to  hydrochioric  acid  and  nitrous  acid 
and  creates  a  very  corrosive  condition.  Nitrosyl  chloride  is  a  highly 
irritating,  toxic  gas.  Its  toxicity  has  not  been  thoroughly  investigated. 
T‘.j  effects  of  nitrosyl  chloride  would  probably  fall  between  those  of 
chlorine  and  nitrogen  oxides  and  would  result  in  severe  irritation  of 
the  respiratory  tract.  The  recommended  materials  for  construction 
are  pure  nickel,  inconel,  monel,  tantalum,  platinum,  or  glass. 

2  Methylene  chloride  is  available  from  Fluka  Company,  Dupont  Com- 
pany,  and  Eastman  Kodak  Company.  This  gas  is  nonflammable  and 
nonexplosive,  but  people  should  avoid  exposure  to  high  concentrations 
of  its  vapors.  The  threshold  limit  value  (TVL)  is  500  parts  (by 
volume)  of  solvent  vapor  per  million  parts  of  air.  Most  of  the  com¬ 
monly  used  construction  metals  such  as  steel,  cast  iron,  brass, 
copper,  tin,  lead,  and  aluminum  can  be  used  satisfactorily  under 
normal  conditions  of  use. 

3  Vinylene  carbonate  was  not  available  from  the  vendors  contacted. 

4  Thionyl  fluoride  is  available  from  Peninsular  Chemical  Research. 

~  Inc.  It  is  a  colorless,  odorless  gas.  It  does  not  attack  glass  or 

steel.  No  further  information  is  available  at  this  time. 

5  Benzonitrile  is  available  from  Fluka  Company.  It  is  a  flammable 

~  liquid  and  very  toxic.  150  ppm  for  30  nxinutes  can  be  fatal. 
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6  Methylene  fluoride  is  available  as  Freon  32  fron'  Dupont  Company. 
It  has  good  thermal  stability,  and  conventional  construction  ma¬ 
terials  can  be  used.  Information  is  not  available  on  the  toxicity  of 
methylene  fluoride. 

7  Vinyl  cyanide  is  available  from  Fluka  Company  and  Eastman  Kodak 
Company.  This  gas  is  poisonous  to  humans.  It  forms  an  explosive 
mixture  with  air  (3-17  percent  in  air).  It  has  a  flash  point  of  32*F 
and  will  polymerize. 

8  Hydrazoic  acid  has  an  intolerable  pungent  odor.  It  is  extremely  ex¬ 
plosive  and  very  toxic  in  high  concentrations. 

9  Ethylene  sulfide  is  available  from  Fluka  Company.  This  gas  will 
polymerize  under  proper  conditions.  It  is  irritable  to  humans  and 
toxic  in  proper  concentrations. 

10  Difluorosilane  is  not  commercially  available. 

11  Isothiocyanic  acid  is  not  commercially  available. 
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12  Formaldehyde  is  supplied  by  several  vendors. 

13  Difluoroethylene  is  available  from  Matheson  Company  and  Eastman 
Kodak  Company.  It  is  a  colorless,  flammable  nontoxic  gas.  Since 
1-1  difluoroethylene  is  a  noncorrosive  gas  any  common  or  commer¬ 
cially  available  metal  may  be  used  in  system  construction. 

14  Nitrosyl  fluoride  is  available  frxun  Ozark  Mahoning  Company.  It 
reacts  with  most  constrution  materials  except  nickel,  monel,  and 
inconel.  The  toxicity  of  this  gas  i,s  unknow.-i.  Regard  this  gas  as 
highly  toxic  until  data  are  available. 

The  energy  levels  of  the  following  gasee  have  been  determined  and  are 
tabulated  in  Appendix  A  of  this  report; 
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1  Methylene  fluoride 

2  Difluoroethylene 

3  Vinyl  cyanide 


4  Formaldehyde 

5  Benzonitrile 

6  Nitrosyl  chloride 
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Evaluation  of  the  gas  energy  levels  has  not  been  completed  to  determine 
if  four  equispaced  levels  exist.  The  energy  levels  of  methylene  chloride 
have  been  studied  and  the  following  possible  pumping  schemes  evolved; 
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26  GHz  34  GHz  3 1  GHz 
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32  GHz  35  GHz  24  GHz 
®18  ■*  ®09  ""  ®18  ®27 

The  high  J  values  of  these  levels  indicate  the  population  will  not  be 
large.  Also,  the  energy  levels  are  not  equispaced.  However,  it  might  be 
possible  to  pump  the  first  energy  level  scheme  at  about  3 1  GHz  and  obtain 
third  harmonic  if  the  interaction  region  is  maintained  at  high  gas  pressure. 

It  is  desirable  to  use  a  gas  such  as  methylene  chloride  because  it  is  rela¬ 
tively  inert.  Since  the  other  gases  have  many  more  energy  levels,  more 
evaluation  is  required  to  determine  whether  the  proper  energy  levels  exists 
for  the  four-level  system. 

A  vacuum  system  as  shown  in  Figure  3  was  fabricated  for  testing  the 
corrosive  properties  of  gases.  The  vacuum  system  includes  a  manifold 
with  pressvure  gauges,  a  cold  triq>,  and  a  dry  trap  to  prevent  explosive  gas¬ 
eous  materials  from  entering  the  pump  and  reacting  with  the  pump  oil.  All 
metal  parts  are  nickel  or  nickel  plated  to  resist  corrosion  from  the  gas. 
Bourdon  gauges  are  used  to  indicate  pressure  and  vacuum.  Various  gases 
will  be  evaluated  in  the  vacuum  system  next  quarter. 

C.  SOLID  STATE  STUDIES 

Multiple  quantum  effects  in  solids  have  not  been  exploited  very  thoroughly, 
although  they  have  been  observed  in  ruby  (Reference  37)  and  in  MgO(Mn) 
(Reference  38).  In  ruby.  Smith  observed  second  harmonic  generation  at 
19  GHz.  In  MgO(Mn),  Sorokin  found  additional  lines  at  high  input  power 
because  of  multiple  photon  absorption  associated  with  the  hyperfine  struc¬ 
ture.  Solid  materials  could  offer  many  advantages  over  gases  for  use  in 
harmonic  generation  and  mixing  in  the  millimeter  and  submillimeter  wave¬ 
length  regions.  This  is  possible  because  of  the  potentially  high  concentra¬ 
tion  of  nonlinear  elements  and  ease  of  handling.  To  take  advantage  of  this, 
a  higher  filling  factor  must  be  obtained  by  better  cavity  design.  In  many 
solid  materials,  ruby  for  example,  there  are  several  operating  points 
occurring  for  various  values  of  w,  the  pumping  frequency.  These  arise 
from  denominators  with  such  terms  as; 

_ 1 _ 

‘“31’ 

where  the  are  resonances  of  niby. 
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Materials  with  higher  zero  field  splittings  and  faster  spin-lattice  re¬ 
laxation  times  are  under  investigation  for  possible  multiple  quantum 
effects.  The  only  experimental  work  performed  in  this  quarter  was  de¬ 
voted  to  the  revision  of  the  microwave  bridge  to  work  with  the  new  super¬ 
conducting  magnet.  A  preliminary  run  has  been  successfully  made,  test¬ 
ing  MgO(Mn)  up  to  53,000  gauss.  The  multiple  quantum  effects  previously 
seen  at  low  fields  (10,000  gauss)  were  observed  again,  showing  that  the 
magnet  was  sufficiently  uniform.  No  new  multiple  quantum  absorptions 
were  found,  probably  because  helium  bubbling  prevented  the  use  of  high 
power.  Preparations  are  being  made  to  pump  the  liquid  helium  to  prevent 
bubbling. 
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III.  EXPERIMENTAL  EFFORT  DURING  FOURTH  QUARTER 

Experimental  effort  during  the  fourth  quarter  was  concerned  with  two- 
level  partly  resonant  experiments  and  parallel  plate  interferoireter  ex¬ 
periments. 

1  ''oblems  investigated  in  the  partly  resonant  experiments  are  as 
follow  st 

1  Microwave  window 

2  U  se  of  fluoroform  and  ammonia  gases 

3  Initial  test  on  SFD  Model  327  magnetron 

4  Use  of  OKI  Laddertron  for  high  power  source 

5  Test  of  low  pass  filter  with  40  GHz  cutoff  frequency  to  suppress 

*"  magnetron  third  harmonic. 

A.  TWO- LEVEL  PARTLY  RESONANT  EXPERIMENTS 

During  the  third  quarter  of  the  contract,  the  difficulty  of  maintaining  a 
microwave  window  in  the  waveguide  that  feeds  the  magnetron  power  to  the 
semiconfocal  interferometer  was  discussed.  In  reviewing,  we  must  re¬ 
member  that  methyl  fluoride  is  unstable  in  a  high  power  field  and  decom¬ 
poses  forming  hydrogen  fluoride.  The  hydrogen  fluoride  attacks  the  win  ¬ 
dow  material  and  soldered  flanges.  The  window  is  decomposed,  and  the 
solder  forms  a  hard  deposit  on  the  interior  of  the  waveguide. 

To  overcome  the  problem  of  the  gas  reacting  with  the  soldered  flanges, 
the  interior  section  of  the  waveguide  between  the  window  and  the  iris  was 
nickel  plated.  After  several  tests  with  methyl  fluoride,  visual  inspection 
indicated  no  further  deposits  on  the  intez’ior  of  the  waveguide. 

Since  the  purchased  microwave  window  failed  and  several  windows 
made  from  teflon,  mica,  etc.,  did  not  work,  it  was  decided  to  fabricate 
several  microwave  windows  from  fused  quartz  and  sapphire.  The  fused 
quartz  was  ground  to  a  resonant  shape  and  cemented  into  a  metal  window 


flange.  Several  tests  were  run  on  this  window  in  the  interferometer,  using 
ammonia  gas.  No  deterioration  of  the  window  was  observed  after  several 
tests.  Unfortunately,  the  window  failed  mechanically  and  it  was  decided  to 
fabricate  a  sapphire  window.  Although  the  first  piece  of  sapphire  was 
thicker  than  specified,  the  decision  was  made  to  mount  the  sapphire  in  a 
metal  flange  and  test  it.  The  sapphire  was  cemented  in  the  metal  flange 
and  checked  at  35  GHz  for  insertion  loss.  The  insertion  loss  was  3  dB. 

The  high  insertion  loss  could  be  attributed  to  the  nonuniform  thickness  of 
the  sapphire  or  to  the  epoxy  cement.  A  thinner  sapphire  window  (approx¬ 
imately  0.008  inch  thick)  was  fabricated  and  cemented  to  the  metal  flange 
with  a  minimum  epoxy  cement.  The  insertion  loss  was  less  than  1  dB. 
Several  tests  were  run  with  this  window  installed.  In  one  test,  the  methyl 
fluoride  ionized  and  deposited  a  brown  substance  on  the  sapphire.  When 
this  substance  was  removed,  the  sapphire  was  intact.  There  was  no  evi¬ 
dence  of  the  gas  reacting  with  the  sapphire  surface.  Sapphire  or  alumina 
windows  appear  to  be  best  suited  for  high  power  application  in  a  corrosive 
gaseous  environment. 

In  the  next  series  of  experiments,  fluoroform  and  ammonia  gases  were 
used.  Ammonia  has  many  energy  levels  between  10  and  40  GHz.  Accord¬ 
ing  to  Smith  (Reference  28),  it  should  be  possible  to  pump  at  a  frequency 
near  a  natural  transition  frequency  and  generate  third  harmonic  of  this 
frequency.  The  efficiency  of  this  mode  of  operation  is  not  as  high  as  pump¬ 
ing  at  approximately  one  third  the  natural  transition  frequency.  For  this 
test,  magnetron  power  at  approximately  34.8  GHz  was  applied  with  the  out¬ 
put  structure  tuned  to  detect  105  GHz.  The  results  of  this  test  were  neg¬ 
ative.  An  advantage  of  using  ammonia  is  its  stability  and  the  fact  that  it 
did  not  cause  window  problems.  A  disadvantage  in  the  use  of  ammonia  is 
its  reaction  with  the  brass  interferometer  plates. 

The  next  experiment  was  with  fluoroform  gas,  a  freon  manufactured  by 
Dupont.  This  gas  is  stable  up  to  1150®C  and  very  inert  chemically.  Since 
it  has  a  natural  transition  near  100  GHz,  the  mode  of  operation  is  the  same 
as  methyl  fluoride.  No  third  harmonic  was  observed  in  this  experiment. 
This  gas  appears  to  be  very  inert  when  radiated  with  a  high  power  micro- 
wave  field  and  no  harmful  effects  on  the  microwave  window  or  other  plumb¬ 
ing  were  observed. 

There  are  several  problems  associated  with  the  Microwave  Associates' 
Model  206  magnetron  that  limits  its  use  to  multiple  quantum  investigations. 
It  has  fixed  frequency  and  fixed  pulse  width  operation.  The  magnetron 
generates  high  level  third  harmonic,  and  the  power  output  is  limited  to 
approximately  20  kW.  Also,  the  frequency  spectrum  as  observed  on  a 
spectrum  analyzer  is  highly  distorted  and  does  not  approach  the  ideal 
(sin  w)/u>.  For  these  reasons,  Martin  Company  decided  to  purchase  a 


Model  327  magnetron  from  SFD  Laboratory  to  be  used  on  multiple  quan¬ 
tum  and  other  research  projects.  This  magnetron  has  a  peak  power  out¬ 
put  capability  of  180  kW.  The  pulse  width  is  variable  from  0,5  na  to  2.0 
us  and  the  frequency  is  variable  between  approximately  34  GHz  and  36  GHz. 
Initial  tests  were  performed  to  verify  the  tube  operation.  An  output  power 
of  110  kW  was  obtained  with  the  tube  working  into  a  matched  load  as  shown 
in  Figure  4.  In  a  further  test,  the  waveguide  was  terminated  in  a  short 
circuit  to  determine  how  effectively  the  circulator  protects  the  tube.  The 
tube  operated  satisfactorily  in  the  short  circuit  condition.  For  the  high 
power  application  (above  30  kW),  it  is  necessary  to  pressurize  the  rec¬ 
tangular  waveguide  with  approximately  20  pounds  of  dry  nitrogen.  Pressur¬ 
ization  was  no  problem  since  the  magnetron  output  contains  a  microwave 
window  and  the  cavity  window  contains  the  gas.  A  partly  resonant  two- 
level  experiment  using  this  magnetron  will  be  run  in  the  near  future. 

The  next  series  of  experiments  was  an  attempt  to  use  the  OKI  Ladder- 
tron  to  drive  the  resonant  cavity.  The  Laddertron  has  an  output  of  approx¬ 
imately  15  watts  at  34.8  GHz  and  is  tunable  over  a  narrow  passband.  The 
power  level  is  low  enough  to  prevent  window  problems,  but  enough  power 
is  available  to  generate  third  harmonic  according  to  Smith  (Reference  28). 
Unfortunately,  the  Laddertron  cannot  be  effectively  modulated  by  the  power 
supply.  It  was  decided  to  power  modulate  the  output  in  a  ferrite  modulator 
to  overcome  this  problem.  In  this  device,  the  electromagnetic  wave  is 
transmitted  through  a  section  of  circular  cross  section  ferrite.  When  a 
magnetic  field  is  applied  to  the  ferrite,  the  polarization  of  the  wave  is 
changed  and  no  power  is  coupled  to  the  output  waveguide.  With  no  mag¬ 
netic  field  applied,  the  field  couples  through  the  modulator  with  very  low 
loss.  It  was  possible  with  this  device  to  obtain  an  insertion  loss  of  less 
than  1  dB  with  no  magnetic  field  applied.  Transmission  with  the  field 
applied  was  down  15  dB.  A  two-level  partly  resonant  experiment  was  run 
with  the  Laddertron  and  Modulator  shown  in  Figure  5,  but  no  third  har¬ 
monic  was  oLtained.  If  the  cavity  and  waveguide  system  can  be  optimized 
at  a  higher  power  level  it  should  be  possible  to  obtain  third  harmonic  with 
the  Laddertron  source. 

To  suppress  the  third  harmonic  content  of  the  Microwave  Associates' 
magnetron,  the  low  pass  filter  shown  in  Figure  6  was  designed.  This  filter 
replaced  the  filter  discussed  in  the  third  quarterly  report.  Further  test¬ 
ing  verified  that  the  cutoff  frequency  of  the  original  filter  was  too  low. 

The  revised  filter  had  a  higher  cutoff  frequency  with  less  than  1  dB  loss 
at  the  operating  frequency  of  34.8  GHz,  but  the  third  harmonic  rejection 
was  only  13  dB.  Filters  of  this  type  have  a  limited  upper  frequency  range. 
According  to  Young,  et  al  (Reference  39),  the  incoming  wave  beams  to  the 
output  with  no  tight  coupling  to  the  waveguide  walls,  at  millimeter  frequen¬ 
cies.  This  effect  limits  the  obtainable  harmonic  rejection. 
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B,  MULTI-LEVEL  TOTALLY  RESONANT  EXPERIMENTS 


The  totally  resonant  experiments  consisted  in  construction  and  testing 
of  parallel  plate  interferometers  and  beam  splitters.  A  vacuum  system 
(Figure  3)  was  also  fabricated  to  test  corrosive  gases,  but  has  not  yet  been 
used.  Figure  7  shows  the  high  frequency  parallel  plate  Interferometer 
operated  at  120  GHz.  The  resonator  plates  are  made  by  electroforming 
nickel  to  0.001  inch  thickness  and  by  gold  plating  tne  nickel.  The  inter¬ 
ferometer  was  tested  for  Q  value  and  transmission  loss  before  the  beam 
splitter  was  installed.  The  Q  value  at  120  GHz  was  9000  and  the  trans¬ 
mission  loss  was  12  dB.  Carefbl  alignment  of  all  components  was  necessary 
to  obtain  satisfactory  operation.  A  beam  splitter  was  then  added  between 
the  parallel  plates.  The  support  housing  for  the  dielectric  sheet  allows 
the  angle  to  be  varied  in  both  the  vertical  and  horizontal  direction.  Various 
thicknesses  of  mylar  and  mica  were  tried.  A  sheet  of  mica  0.002  inch 
thick  allowed  transmission  with  the  sheet  normal  to  the  direction  of  the 
wave  front,  but  alignment  was  very  difficult.  To  obtain  an  output  signal 
required  difficult  adjustment  of  the  support  structure.  It  is  suspected 
that  the  mica  surface  is  too  uneven  to  be  useful  for  beam  splitting. 

Several  pieces  of  mylar  were  also  tried  in  the  beam  splitter.  Adjust¬ 
ment  was  easier  and  it  was  possible  to  obtain  beam  splitting  with  a  0.002 
inch  thick  piece  of  mylar  at  an  angle  of  a  few  degrees  to  the  wave  normal. 
Work  on  the  high  frequency  beam  splitter  will  continue.  The  supporting 
structure  will  be  changed  to  stretch  the  dielectric  in  a  radial  direction 
similar  to  the  interferometer  plates. 

The  low  frequency  interferometer  shown  in  Figure  8  was  assembled  and 
is  being  tested.  This  interferometer  has  a  Q  value  of  10,000  at  a  frequency 
of  40  GHz  with  a  resonant  transmission  loss  of  13  dB.  A  beam  splitter  to 
couple  energy  out  of  this  interferometer  was  designed  and  is  under  con¬ 
struction. 

The  Q  values  that  were  obtained  for  the  interferometers  are  low.  How¬ 
ever,  it  must  be  remembered  that  all  of  the  fabrication  techniques  are  new. 
Further  experimentation  is  necessary  in  the  areas  of  nickel  electroforming, 
gold  plating,  and  support  ring  design.  It  is  believed  that  fabrication  im¬ 
provements  will  be  realized  in  the  future.  A  new  gold  plating  electroform¬ 
ing  bath  has  been  added  to  the  plating  facilities. 
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IV.  CONCLUSIC'T 


A  thin  meUl  atrip  and  a  dielectric  sheet  beam  splitter  have  been  de* 
signed.  Fabrication  and  mechanical  mounting  of  a  metal  strip  beam 
splitter  is  more  difficult  than  a  dielectric  sheet  beam  splitter.  Therefore, 
the  exp^arimental  effort  has  been  dire  ted  towa’’  ^  the  use  of  the  dielectric 
sheet  design.  Demonstrations  have  proven  that  it  f  ^  possible  to  operate  a 
high  Q  interferometer  with  a  beam  spiv  er  in  the  nteraction  region.  A 
study  of  asymmetric  top  ga  ser  indicate  that  t  a  of  the  more  stable  gases 
should  be  used  for  the  totally  resonant  pumping  scheme  as  these  gases 
present  no  serious  handling  problems.  The  use  of  methyl  fluoride  for  the 
two>level  system  is  limited  because  the  gas  decomposes  in  the  high  en¬ 
ergy  field.  This  gas  will  be  re,^  <iced  by  fluoroform  which  is  more  inert 
and  has  approximately  the  same  ‘ransition  frequencies  and  dipole  mo¬ 
menta  as  methyl  fluoride. 
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V.  PRCXSPJ^M  FOR  NEXT  QUARTER 


Design  and  construction  will  continue  on  the  most  promising  types  of 
beam  splitters.  An  attempt  will  be  made  to  select  the  beam  splitter  best 
suited  for  operation  in  the  multiple  resonant  interferometer.  The  energy 
levels  of  several  asymmetric  top  gases  will  be  stitdied  to  determine  appro 
priate  pumping  schemes.  The  experiments  to  determine  the  corrosive 
properties  of  gases  will  be  completed.  The  design  of  several  microwave 
cavities  will  also  be  completed.  Partly  resokumt  two>level  experiments 
will  be  run  with  the  new  magnetron.  In  addition  to  methyl  fluoride,  several 
other  symmetric  top  gases  will  be  tried.  Nonlinear  quantum  effects  in 
solids  will  be  studied.  Tests  of  ruby,  emeiald.  and  MgO  (Mn)  ivill  be  made 
to  determine  suitable  sets  of  transitions. 
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VI.  KEY  PERSONNEL 


With  Dr.  V.  E.  Derr  acting  as  task  leader  without  charge  to  the  con 
tract,  the  manpower  charges  for  the  fourth  quarter  are  as  follows: 


G.  W.  Bechtold 
Engineering  Aid 
Presentations 
Model  Shop 


152.0 

80.0 

43.0 

275.0 


APPENDIX  A 

RIGID  ROTOR  ENERGY  LEVELS  FOR 
SEVERAL  ASYMMETRIC  TOP  GASES 
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APPENDIX  A 

This  appendix  gives  the  energy  levels  for  several  asymmetric  top  gases. 
The  energy  levels  are  computed  according  to  the  following  equation: 

W/h  =  i  (A+C)  J  (J+1)  +i  (A-C)  E(t) 

where 

W/h  is  in  Hz 

A  and  C  are  rotational  constants 
E(t)  is  the  reduced  energy 
J  is  the  total  angular  momentum. 

The  suffix  numbers  in  these  computer  runs  for  the  Input  Coefficients, 
the  Rigid  Rotor,  and  the  Nu  Calculated  values  indicate  the  number  of 
places  to  move  the  decimal  point  to  the  right. 
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05 

7 

6 

7 

3 

0.293 29826E 

05 

0.2932V26E 

05 

7 

7 

7 

-6 

0.26796105E 

06 

0.26796]/)5E 

06 

7 

7 

7 

-2 

0.13937100E 

06 

0.13937y)0E 

06 

7 

7 

7 

2 

0.53839T17E 

05 

0.53839/17E 

05 

7 

7 

7 

6 

0. 1086789 3E 

04 

0.108V893E 

04 

8 

-8 

7 

-7 

0.9088291 2E 

05 

0.9088^125 

05 

8 

-8 

7 

-3 

-0.377O6899E 

05 

-0.3770ej899E 

05 

R 

-8 

7 

1 

-0.12277499E 

06 

-0.12277^9E 

06 

8 

-a 

7 

5 

-0.16038302P 

06 

-0. 16038V)  2E 

06 

H 

-7 

7 

-6 

0.90882912E 

05 

0.90SB?^12E 

05 

R 

-7 

7 

-2 

-0.37707136E 

05 

-0.37707436E 

05 

8 

-7 

7 

2 

-0.12323842E 

06 

-0.12323^2E 

06 

8 

-7 

7 

ft 

-0.17599135E 

06 

-0.l7599fc35E 

06 

8 

-ft 

7 

-8 

0.10160642E 

06 

0. 10160  6f2E 

06 

8 

-6 

7 

-1 

-0.541 93871E 

04 

-0.5418^871E 

04 

.  8 

-6 

7 

3 

-0. 662637395 

05 

-0.66263^39E 

05 

8 

-6 

7 

7 

-0.96680354E 

05 

-O.9668O054E 

05 

6 

-5 

7 

-4 

0.101606425 

06 

0.10160^2E 

06 

8 

-5 

7 

0 

-0.54340129E 

04 

-0.543V129E 

04 

8 

-8 

7 

4 

-0.710748545 

05 

-0.7107V»54E 

05 

8 

-4 

7 

-7 

0.240924505 

06 

0.24C924J5CE 

06 

8 

-4 

7 

-3 

0.1 123346 9E 

06 

0.11233V9E 

06 

8 

-4 

7 

1 

0.27266599E 

05 

0.27;!66#99E 

05 

8 

-4 

7 

5 

-0. 103414265 

05 

-0.10341^?6E 

05 

8 

-3 

7 

-6 

0.24092452E 

06 

0.240924«2E 

06 

NU  if<pur 


47 


oooooooooooooooooooooooeooooooooooooooooocoooooooooo 


TMJ  1 


rAn  ? 


KiGii)  « ir  jrt 


Nl)  CALCl/LATtn 


NU  INPUT 


-? 

O.l 1233447E 

06 

0.1  1233V»7E 

06 

2 

P.2A8031flOP 

05 

0.26803il80E 

05 

ft 

-0.2M4<»747F 

05 

-0.25949<74  7? 

05 

-•> 

0.23311365P 

06 

0.230llVi5E 

06 

-1 

0.123P8884E 

06 

0.12308T?^4E 

06 

i 

3. 6224348 7E 

05 

0.62243^87E 

05 

7 

0.3I824872F 

05 

0.3ie2«»872? 

05 

-4 

0. 2331146  7E 

Ob 

0.23011V»7? 

06 

0 

0,l23O7424E 

06 

0.12307V4? 

06 

4 

0.574333'»6E 

35 

0.5743i396? 

05 

-7 

0.3477870flE 

36 

0.34778^8? 

06 

-3 

0.21419227F 

06 

0.2l9192^7E 

06 

1 

O.l 34 1241  BE 

36 

0. 13412^8? 

06 

S 

0.96S16152E 

35 

0.9651M52E 

05 

-6 

0.347ft2849F 

06 

0.347828^9E 

06 

-2 

0.2I923844E 

36 

0.21923^4E 

06 

2 

0.1 33 7071 6C 

36 

0.133707A6E 

06 

h 

0.80954229E 

05 

0.80954,?29E 

05 

-5 

0.3146RU9E 

06 

0.31458U9E 

06 

-1 

3.20755638? 

36 

0.207556^8? 

06 

3 

0.146711336 

36 

0. 1467lli0  3E 

06 

7 

0.11629441? 

06 

O.l 16294^1E 

06 

-4 

0.3l556fl95C 

06 

0.31556^9  5? 

06 

0 

0,20852851? 

36 

0,20352851? 

06 

4 

0.1 42 8876 7E 

06 

0.142897;6  7E 

06 

-7 

0.40696521E 

36 

0.40696VIE 

06 

-3 

0.27837540? 

36 

0.278375/1^0? 

06 

1 

0,19330731? 

06 

0.19330  7,31? 

06 

S 

O.l 55 6992 9E 

36 

0.15569V9? 

06 

-6 

0.41432932? 

36 

0.41432942? 

06 

-? 

0.28573927E 

06 

0,285739^7? 

06 

2 

0.200207v9E 

36 

0.20020799? 

06 

6 

0.14745506? 

06 

0.14745^6? 

06 

-S 

0.35191529F 

06 

0.35191  V*!? 

06 

-1 

0,24489047? 

06 

0.24489047? 

06 

3 

0.18404512? 

06 

0.184045^2? 

06 

7 

0.15362850? 

06 

0.15362^0? 

06 

-4 

0.37159050? 

06 

0.37l59qp0? 

06 

0 

0.26455607? 

06 

0.2  64550P7E 

06 

4 

0.19890922? 

06 

0.19890512  2? 

06 

-7 

0.44196584? 

06 

0.44196844? 

06 

-3 

0.31337932E 

06 

0.31337^2? 

06 

1 

0. 22831093b 

06 

0.228310,9  3? 

06 

5 

0.19070291E 

36 

0. 19070^91? 

06 

-7 

0.80397785E 

05 

0.80397,785? 

05 

-8 

0.80397785E 

05 

0.80397,785? 

05 

-S 

0,69643837? 

35 

0.6964V80  7? 

05 

-6 

0.6964381  8? 

35 

0.6954341HF 

05 

-7 

0.20890501? 

06 

0.20R905|piE 

06 

-3 

0,58863409? 

35 

0.5RR63/»09E 

05 

-a 

0. 20890 604E 

06 

0.20890^04? 

06 

-4 

0.58864443E 

35 

0. 5886444 3F 

05 

48 


i  1 

IM)  1 

J  2 

TAU  ? 

«iGin  ftortjft 

NU  CALCULATED 

i  ; 

1  ‘ 

n 

8 

-ft 

0.176 ft0l38E 

06 

O.1765OU08E  06 

L  • 

■< 

0 

8 

-1 

0.47<»93135E 

05 

0.4799\135E  05 

1 

8 

-6 

0.l7654779e 

06 

0.17654V9E  06 

rt 

1 

8 

-2 

0.4834056ftE 

05 

0.48040^6ftE  35 

i 

i . 

2 

ft 

-7 

0.29337?5fte 

04 

0.293372i55E  06 

ft 

2 

ft 

-3 

0.l4333f)9ftF 

06 

0.14333QP5E  06 

ft 

2 

ft 

1 

0.36426972f 

Oft 

0.36426^72E  Oft 

1  ■ 

a 

8 

-8 

0.29436031E 

06 

0.29436(^1E  06 

(; 

8 

ft 

8 

-4 

0.14431872P 

06 

0.144318/2E  06 

ft 

3 

ft 

0 

0.37461140E 

05 

0.3746U40E  05 

ft 

4 

ft 

-5 

0.23568452E 

06 

0.2 356845 2E  06 

ft 

4 

ft 

-1 

0. 1071762 7E 

06 

0.10717V7E  06 

ft 

4 

ft 

3 

0.21721995E 

05 

0.21721*995E  05 

ft 

ft 

8 

-6 

0.24304862E 

06 

0.24304i\52E  06 

ft 

ft 

a 

-2 

0.1 1454140E 

06 

3.1I454)^0E  06 

ft 

5 

ft 

2 

0.30073858F 

05 

0.3007V54E  05 

ft 

4 

8 

-7 

0.330 70664E 

06 

0.3  3070fi^4E  06 

* 

ft 

6 

ft 

-3 

0.18066ft04E 

06 

0.1 8066 06 

ft 

4 

ft 

1 

0.73761063E 

Oft 

0.7376U)53E  05 

8 

4 

8 

ft 

0.72602339E 

04 

0.726(^339E  04 

i 

ft 

7 

8 

-8 

0.3ft0 3S186E 

06 

0.35038|j»6E  06 

ft 

7 

8 

-4 

0.2 00 3402 7E 

06 

0.20034(^7E  06 

ft 

7 

A 

0 

0.93482694E 

05 

0.9348^94E  05 

i 

ft 

7 

8 

4 

0.34299559E 

05 

0.34299559E  OS 

ft 

ft 

ft 

-5 

0.27068«14E 

06 

0.2706ft«U^E  06 

«  . 

ft 

ft 

8 

-1 

0.14217989E 

06 

0.14217V9E  06 

ft 

8 

8 

3 

0.567 2561 5E 

05 

0.5672V19E  Oft 

m  > 

i 

ft 

8 

8 

7 

0.70406136E 

03 

0.704^6136E  03 

NIJ  INPUT 


fl 

J 

e  • 

I 


V  • 


oooooooooooooooooooooooooooo 


VINYL  CYANIDE  RIGID  ROTOR  TRANSITION  FREQUENCIES 

laput  Coefficients 


#i  = 

3.89 

&  « 

0. 

4<>0;6200»-  05 

= 

3.68 

K  =  -0.979477 

R  « 

0. 

A9713303E  0* 

a 

C  - 

0. 

45U0500E  04 

1.25 

J  1 

I  A'J 

\ 

J 

2  TAU  2 

«ICIO  HlffJR 

NU  CALCULATFO 

\ 

-1 

-0 

0 

0.94853800E 

04 

0.94853800F  04 

1 

rt 

-0 

0 

0,53590250r 

05 

0.53590250E  05 

1 

1 

1 

-1 

0.'4455?150E 

05 

0.44562150E  05 

1 

1 

1 

0 

0. 4572800 2E 

03 

0.45728002P  03 

y 

-? 

1 

-1 

0.1896722  3€ 

05 

0.18967223E  05 

? 

-2 

1 

0 

-0. 2513764 7F 

05 

-0.25137647E  05 

? 

-1 

1 

-1 

0,6261835CE 

05 

0.62618350E  05 

? 

-1 

1 

0 

0.18513480E 

05 

0.185134R0E  05 

2 

0 

1 

1 

0.19428040E 

05 

0.19429040E  05 

7 

1 

1 

1 

0.151 74765E 

06 

0.15174265F  06 

? 

2 

1 

-1 

0. 196 3083 4E 

06 

0.19630834F  06 

y 

7 

1 

0 

0. 15220 347E 

06 

0.15220347E  06 

2 

f> 

2 

-2 

0.45022967E 

05 

0.45022967E  05 

2 

n 

2 

-1 

0.13718401E 

04 

0.13718401E  04 

2 

1 

2 

-2 

O.l 773375 RP 

06 

0.17733758E  06 

2 

1 

2 

-1 

0.13368645E 

06 

0.13368545F  06 

c 

P 

2 

0 

0.132  3181  5t 

06 

0.13231815E  06 

7 

7 

2 

1 

0.3 53 7406 3E 

01 

0.35374063E  01 

\ 

-3 

2 

-2 

0.294419<»2P 

05 

0.78441992E  05 

-  3 

2 

-1 

-0.15209135E 

05 

-0.15209I35F  05 

-3 

2 

7 

-0.14889912E 

06 

-0.14B89917F  06 

-2 

7 

-7 

0.71419146E 

05 

0.71419146E  05 

i 

-2 

2 

-1 

O.27760O2CP 

05 

0.27768020E  05 

* 

-2 

2 

2 

-0.10592197P 

06 

-0.1O592197E  06 

-1 

2 

0 

0.791 39B43F 

05 

0.79139843E  05 

-> 

2 

1 

-0.10317477F 

06 

-0.1C317477E  06 

0 

7 

0 

0.16077075E 

06 

0.16077075E  06 

2 

1 

0.2945514''E 

05 

0.28456140E  05 

» 

i 

2 

-2 

0.20581140E 

06 

0.20581140E  06 

i 

2 

-1 

0.16216028F 

06 

0.16216028E  06 

i 

2 

2 

0.2  84  7028  BE 

05 

0.284702BftE  05 

i 

2 

2 

-2 

0.42746346E 

06 

0.42746346F  06 

3 

7_ 

2 

-1 

0.38381234E 

06 

0.383B1234E  06 

2 

2 

2 

0.25012235E 

06 

0.25012235E  06 

3 

3 

2 

0 

0.38244052E 

06 

0.38244052F  06 

< 

3 

? 

1 

0.25012591E 

06 

0.25012591E  06 

ooooooooooooeooooocjoooocoooooooooooo 


J  I 

\ 

s 

5 

3 

3 

3 

3 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

4 

4 

4 

4 


Tail  1 

J  2 

rftti  2 

RIGID  ROTOR 

NU  CALCULATFO 

NU  INPUT 

- 1 

3 

-3 

0.4572081RE  DS 

0.45723B18E  05 

0. 

- 1 

3 

-2 

0.27436630E  34 

0.27436630F  04 

0. 

0 

3 

-3 

0.l7735i7?E  06 

0.177351726  06 

0. 

0 

3 

-2 

0.13437457E  36 

0.13437457c  06 

0. 

1 

3 

-1 

0.131 6483 9F  06 

0.131648596  06 

0. 

1 

3 

0 

0.1  7685620E  3  2 

0.176856206  02 

0. 

p 

3 

-1 

0.35330066E  36 

0.35333066E  06 

0. 

z 

3 

0 

0.2  2166973E  06 

0.22166975F  06 

0. 

3 

3 

-3 

0.39902149E  06 

0.39902149E  06 

0. 

3 

3 

-2 

0.35604434E  36 

0.356044346  06 

0. 

3 

3 

1 

0.2216320BE  36 

0.2*165208E  06 

0. 

3 

3 

2 

0.17103452P-0I 

0. 171034526-01 

0. 

-4 

3 

-3 

0.37906161E  35 

0.37906161F  05 

0. 

-4 

3 

-2 

-0.50709937E  34 

-0.507099376  04 

0. 

-4 

3 

1 

-0.13946325E  36 

-0.139463256  06 

0. 

-4 

3 

2 

-0.36111 53U  36 

-0.361115316  06 

0. 

-3 

3 

-3 

0.79997094E  35 

0.79997094F  05 

0. 

-  3 

3 

-2 

0.37019939E  35 

0.37C19939E  05 

0. 

-3 

3 

1 

-0. 9737231 7E  35 

-0.973723176  05 

0. 

-3 

3 

2 

-0.31902438E  06 

-0.319024386  06 

0. 

3 

-1 

0.308489566  05 

0.388489566  05 

0. 

-2 

3 

0 

-0.92781951E  05 

-0.92781951E  05 

0. 

-2 

3 

3 

-0.31445171E  36 

-0.314451716  06 

0. 

-1 

3 

-1 

0.16956968F  36 

0.169569686  06 

0. 

- 1 

3 

0 

0.3  7938771E  05 

0.379387716  05 

0. 

-1 

3 

3 

-0.18373099C  06 

-0.183730996  06 

0. 

0 

3 

-3 

0.21534354E  06 

0.215343546  06 

c. 

0 

3 

-2 

0.1 72 3663 9E  36 

0.17236639E  06 

0. 

0 

3 

1 

0.379741326  35 

0.379741326  05 

0. 

0 

3 

2 

-0.103677936  36 

-0.183677936  06 

0. 

1 

3 

-3 

0.433970326  36 

0.436970026  06 

0. 

1 

3 

-2 

O.39399207E  06 

0.39399287E  06 

0. 

1 

3 

1 

0.259600616  36 

0.25960061E  06 

0. 

1 

3 

2 

0.3 79485466  35 

0.379485466  05 

0. 

2 

3 

-1 

0.39124912F  36 

0.391249326  06 

0. 

2 

3 

C 

0.259618426  36 

0.259618426  06 

0. 

2 

3 

3 

0.37948649F  35 

0.379486496  05 

0. 

3 

3 

-1 

0.70157730F  06 

0.701577306  06 

0. 

3 

3 

C 

0.569946396  06 

0.569946396  06 

0. 

3 

3 

3 

0.34827663E  36 

0.348276636  06 

0. 

4 

3 

-3 

0.747298126  36 

:. 7472981 26  06 

0. 

4 

3 

-2 

0^704  320966  36 

0.70432096F  06 

0. 

4 

3 

1 

0.569928706  06 

0.569928706  06 

'  « 

4 

3 

2 

0.34827664F  36 

0.34827664E  06 

0. 

-2 

4 

-4 

0.46663613E  35 

0.466636136  05 

0. 

-2 

4 

-3 

0,45726805F  34 

0.45726805E  04 

0. 

-1 

4 

-4 

0.177384346  36 

0.177384346  06 

0. 

- 1 

4 

-3 

0.135  2  9  3406  3  6 

0.13529340E  06 

0. 

0 

4 

-2 

0.133  773776  36 

0.130773776  06 

0. 

0 

4 

-1 

0.533468336  32 

0.53046833E  02 

0. 

1 

4 

-2 

0.352400256  36 

0.352400256  06 

0. 

1 

4 

-1 

0.2  21679526  36 

0.221670526  06 

0. 

51 


ooooooooo 


{ 


? 

Si 


1; 

T 


J  1 

fft'l  1 

J  > 

lAU  7 

tticio  RfirUR 

NO  CALCULAirn 

NU 

/, 

?. 

4 

-4 

0.3<»<»0639ft6 

06 

0. 39906398F 

06 

0. 

4 

2 

4 

-J 

0.3‘i497  30*iE 

06 

0.35697305F 

06 

0. 

4 

■> 

4 

0 

0.22162460F 

36 

0.22152660F 

06 

0. 

4 

7 

4 

1 

C.ll‘»72009E- 

00 

0.11972008E- 

•00 

0. 

4 

\ 

4 

-4 

0.T0939196E 

06 

9.70939196E 

06 

0. 

4 

4 

4 

5.S<S73ni32t 

06 

0.66730102E 

06 

0. 

4 

4 

4 

0 

D. 3 31  9545  7c 

36 

0. 5319545 7E 

06 

0. 

4 

4 

4 

1 

0.3133291CE 

36 

0.31032810E 

06 

0. 

4 

4 

4 

-? 

3.4A272B34E 

36 

0.66272834E 

06 

0. 

4 

4 

4 

-1 

P.53200762E 

06 

0.532P0762F 

06 

0. 

4 

4 

4 

7 

P.3133279RE 

06 

0. 31P3279RE 

06 

0. 

4 

4 

4 

1 

C.5960A227E- 

•04 

0.68606227F. 

•04 

0. 

r> 

-S 

4 

-4 

D.47356217E 

35 

0.47356217F 

05 

0. 

s 

-4 

4 

-  ^ 

P,52652549E 

04 

0.52652 84 8E 

04 

0. 

s 

-4 

4 

P 

-0.l3D0«n  7F 

06 

-0.1300811 7E 

06 

0. 

5 

'4 

4 

1 

-0.351 70764E 

36 

-0.35170764F 

36 

0. 

*; 

«  c 

J 

4 

4 

-0.66203574E 

06 

-0.66203574F 

06 

0. 

4 

-4 

4 

-4 

0.5535933f.E 

05 

0.88359336F 

05 

0. 

4 

-4 

4 

-3 

P.46268404f 
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-8 

0.68158079P 

05 

0.6B18B079E 

05 

0. 

8 

1 

0.16649274E 

-30 

0.16649274E- 

-00 

0. 

R 

-R 

0.15749003E 

36 

3.15749CIP36 

06 

0. 

8 

-4 

0.13402629E 

36 

0. 13402^96 

06 

0. 

8 

0 

O.R 52798706 

05 

0.85279^706 

05 

0. 

8 

-8 

0.137468016 

36 

0.137468016 

06 

0. 

R 

-1 

0.852903316 

05 

0.8529003IE 

05 

0. 

8 

3 

0.1  36  399416- 

-02 

0. 1^39941E- 

-02 

0. 

8 

—  o 

0.20038320: 

36 

0.20038340E 

06 

0. 

8 

-2 

0.170291016 

36 

0.1702914)16 

06 

0. 

B 

2 

0.102447016 

06 

0.10244T01E 

06 

0. 

R 

-7 

0.2 120371 5E 

06 

0. 212031156 

06 

0. 

8 

-3 

0.1 7060:09E 

36 

0.170605096 

06 

0. 

R 

1 

0.1O244718F 

06 

0. 102441186 

06 

0. 

R 

3.8  5347f>2  7E- 

05 

0.553416276- 

-05 

0. 

8 

-8 

0,277060376 

36 

0, 277060^76 

06 

0. 

H 

-4 

0.253596636 

:»6 

0,253596*36 

06 

0. 

fl 

n 

0.204850216 

36 

0.20485Q216 

36 

0. 

8 

4 

0,1 19570346 

36 

0, 119570046 

06 

0. 

8 

-5 

0.257038356 

36 

0.257033056 

06 

0. 

fl 

-1 

0.2  04  0606  7i. 

36 

0.204860*76 

36 

0. 

8 

3 

O.l 1987034E 

36 

0.11957G^4E 

06 

0. 

8 

7 

O.87fl935686-D0 

O.07e9356aE- 

■08 

0. 

NU  INPUT 


I 


v'V- 


I 


I 


I 


NITROSYL  CHLORIDE  RIGID  ROTOR  TRANSITION  FREQUENCIES 

Input  Coefficients 


I 


1.28 

fx  ^ 

1.83 

^  * 

0.85290000E  05 

K  = 

•0.9909 

H  > 

0.57353000E  05 

C  = 

0,5.3  764000E  05 

0 

J  1 

V(\U  1 

J  2 

lAU  2 

RIGID  ROTOR 

NU  CALCULATED 

NU 

1 

-1 

-0 

0 

O.IU15700E 

05 

0.11115700E 

05 

0. 

1 

0 

-0 

n 

0.‘»06h5399E 

05 

0.90666399E 

05 

0. 

1 

1 

1 

-1 

0.79913600E 

05 

0.799136C0E 

05 

0. 

1 

1 

1 

0 

0.3  6lf39995E 

03 

0. 3618099 6E 

03 

0. 

7 

-2 

1 

-1 

0.?72?fll6RE 

05 

0.2222816BF 

05 

0. 

7 

-7 

1 

0 

-0.57323531P 

05 

-0.57323531E 

05 

0. 

2 

-1 

1 

-1 

0.10151920E 

06 

0. 10151920E 

06 

0. 

2 

-1 

1 

0 

0.21867500E 

05 

0.21867500E 

05 

0. 

2 

(3 

1 

1 

0.22591300E 

05 

0.22591300F 

05 

0. 

7 

1 

1 

1 

0. 2612564  OE 

06 

0.26125650E 

06 

0. 

2 

2 

1 

-1 

0.35U6123E 

06 

0.35116123E 

06 

0. 

7 

2 

1 

0 

0.2 61 6095 3E 

06 

0, 2616095 3E 

06 

0, 

/ 

n 

2 

-2 

0.30276731E 

05 

0.80276731E 

05 

0. 

2 

n 

2 

-1 

0.10856999E 

05 

0. 108569996 

05 

0. 

7 

1 

2 

-2 

0.31593183E 

06 

0.31R93183E 

06 

0. 

1 

2 

-1 

0.239750BOE 

06 

0.23975080E 

06 

0. 

2 

2 

2 

0 

0.2 38 6563 3E 

06 

0.23865633E 

06 

9. 

7 

7 

2 

1 

0.1  23  19712E 

01 

0.12319712E 

01 

0. 

S 

-3 

2 

-2 

0.33339172E 

05 

0.33339172E 

05 

0. 

-3 

2 

-1 

-0.5585i859E 

05 

-0.55851B59E 

05 

0. 

3 

-3 

2 

2 

-0.28559389E 

06 

-0.28559389E 

06 

0. 

3 

-2 

2 

-2 

O.l 11991516 

06 

0.11199151E 

06 

0. 

\ 

-2 

7 

-1 

0.3280O581E 

05 

0.328005816 

05 

9. 

3 

-2 

2 

2 

-0.20695155E 

06 

-0.20695155E 

06 

0. 

? 

-1 

2 

0 

0.33ft86l79E 

05 

0.33886179E 

05 

9. 

-1 

2 

1 

-0.20576892E 

06 

-0.2C576B92E 

06 

0. 

3 

0 

2 

0 

0.2T199920F 

06 

0.271999206 

06 

0. 

3 

n 

2 

1 

0.33355100E 

05 

0.33355100E 

05 

0. 

3 

1 

2 

-2 

CI.3  5228709C 

06 

0.352282096 

06 

0. 

3 

\ 

2 

-1 

0.27309136E 

06 

0.273C9106E 

06 

0. 

3 

1 

2 

2 

0.33359028E 

05 

0.33359028F 

05 

0. 

3 

2 

2 

-7 

0.75093995E 

06 

0.75093995E 

06 

0. 

3 

2 

2 

-1 

0.671 75891E 

06 

0,67175891E 

06 

0. 

3 

2 

2 

2 

0.5320068BE 

06 

0. 53200 688E 

06 

0. 

3 

3 

7 

0 

0.67066321F 

06 

0.670663216 

06 

0. 

3 

3 

2 

1 

0.53200811E 

06 

0.5320081  IE 

06 

0. 

I 

1 

I 

t 

I 

I 

I 

I 

1 

I 

1 

I 


I 

I 
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NO  INPUT 


■r 


J  1  TAIJ  1  J  7 

-I  3 

3  -I  3 

3  0  3 

’  0  3 

3  1  3 

3  I  3 

3  7.  3 

3  2  3 

3  3  3 

3  3  3 

3  3  3 

3  3  3 

4  -4  3 

4-4  3 

4  “4  3 

4-4  3 

4-3  3 

4-3  3 

4  -3  3 

4  -3  3 

4-2  3 

4-2  3 

4  -?  3 

4  -I  3 

4-13 

4  -I  3 

4  0  3 

4  0  3 

4  0  3 

4  0  3 

4  1  3 

4  1  3 

4  I  3 

4  1  3 

4  2  3 

4  2  3 

4  2  3 

4  3  3 

4  3  3 

4  3  3 

4  4  3 

4  4  3 

4  4  3 

4  4  3 

4-2  4 

4-2  4 

4  -I  4 

4-14 
4  0  4 

4  0  4 

4  I  4 

4  1  4 


TAU  7 

Kir.in  RirnR 

-3 

0.30B23738E 

05 

-2 

0.217139716 

04 

-3 

0.31893676E 

06 

-2 

0.24023442E 

06 

-1 

0.23811918E 

06 

0 

0.51597592E 

01 

-1 

D.63677703E 

06 

0 

0.3‘>866401E 

06 

-3 

0.717400776 

06 

-2 

0.63894B436 

06 

1 

0.398657366 

06 

2 

0.26211719E- 

•02 

-3 

0.44446481E 

05 

-2 

-0.34205859E 

05 

1 

-0.27449644E 

36 

2 

-0.67315429E 

36 

-3 

0.12238489E 

06 

-2 

0.43732549E 

05 

1 

-0.19655803E 

06 

2 

-0.59521588E 

06 

-1 

0.451B0133E 

05 

0 

-0.19293289E 

06 

3 

-0.591 59690E 

06 

-1 

0.2825708 66 

06 

0 

0.44457842F 

05 

3 

-0.354 2061 7E 

06 

-3 

0.3634130&E 

06 

-2 

0.28476074E 

36 

L 

0.44470151E 

05 

2 

-0.354187696 

36 

-3 

0.762062026 

06 

-2 

0.68340969E 

36 

1 

0.44311911E 

06 

2 

0.44461256E 

35 

-1 

0.681238306 

36 

0 

3.44312529E 

06 

3 

0.444612726 

35 

-1 

0.1 2393546E 

37 

0 

0.10D12516E 

37 

3 

0.60258754E 

06 

-3 

0.13201883E 

07 

-2 

O.l 2^153606 

37 

1 

0.100124546 

07 

2 

0.602587546 

36 

-4 

0.8155T390E 

35 

-3 

0.361898126 

34 

-4 

0.318948126 

36 

-3 

0.241009716 

06 

-2 

0.237409216 

36 

-1 

0.184786016 

32 

-2 

0.6360581 66 

36 

-1 

0.398667436 

36 

NU  CALCULATFO 


0.800237386 

05 

0. 

0.217139716 

04 

0. 

0.318936766 

06 

0. 

0.240284426 

06 

0. 

0.238119186 

06 

0. 

0.615975926 

01 

0. 

0.636777036 

06 

0. 

0. 398664016 

06 

0. 

0.717600776 

06 

0. 

0.638948436 

06 

0. 

0.398657866 

06 

0. 

0.262117196- 

•02 

0. 

0.44446481E 

05 

0. 

-0.34205859E 

05 

c. 

-0. 2744964 4E 

06 

0. 

-0. 6731542 9E 

06 

0. 

0. 1223848 9E 

06 

0. 

0.43T32549E 

05 

0. 

-0.19655803E 

06 

0. 

-0.595215886 

06 

0. 

0.451801336 

05 

0. 

-0.192932896 

06 

0. 

-0.591596906 

06 

0. 

0.282570866 

06 

0. 

0.444578426 

05 

0. 

-0.354206176 

06 

0. 

0.363413086 

06 

0. 

0.284760746 

06 

0. 

0.444701616 

05 

0. 

-0.354187696 

06 

0. 

0.762062026 

06 

0. 

0.683409696 

06 

0. 

0.4431191 16 

06 

0. 

0.444612566 

05 

0. 

0.6B123830E 

•)6 

0. 

0.443125296 

06 

0. 

0.44461272P 

05 

0. 

0.123936466 

07 

0. 

0.10C12516E 

07 

0. 

0.602587546 

06 

0. 

0.  1320188 36 

07 

0. 

0.124153606 

07 

0. 

0.100124546 

07 

0. 

0.60258754E 

06 

0. 

0.815573906 

05 

0. 

0.361898126 

04 

0. 

0.318948126 

06 

0. 

0.24100971c 

06 

0. 

0.237409216 

06 

0. 

0.184786016 

02 

0. 

0.6360581 66 

06 

0. 

0.398667436 

06 

0. 
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1  1 

»A'J  1 

J  7 

T4U  ? 

NIJ  CALCULATFO 

u 

? 

4 

-4 

0.T1761556F 

04 

0.717415566 

04 

0. 

4 

7 

4 

-3 

0.63967T16F 

04 

0.639477146 

06 

0. 

4 

7 

4 

0 

0.39B44B96E 

04 

0.398449946 

04 

0. 

4 

7 

4 

1 

0.18348093E 

-01 

0.183480936 

-01 

0. 

4 

4 

-4 

0. 1275741 ftF 

09 

0.127574186 

07 

0. 

4 

\ 

4 

-3 

0.119780346 

07 

0.119780346 

07 

0. 

4 

4 

0 

0.95S77523F 

04 

0.9547752 36 

04 

0. 

4 

3 

It 

1 

0.559124286 

04 

0.55812428F 

04 

0. 

4 

4 

4 

-2 

0.119418446 

07 

0. 1194184 4E 

07 

0. 

4 

4 

4 

-1 

0.954793716 

J6 

0.954793716 

04 

0. 

4 

4 

4 

7 

0.558124276 

04 

0. 5581262 7F 

06 

0. 

4 

4 

4 

3 

0.442449416 

-05 

0.442649416 

-05 

0. 

S 

-S 

4 

-4 

0.555488656 

05 

0.555488656 

05 

0. 

■5 

-4 

4 

-3 

-0.223995436 

05 

-0.223895436 

05 

0. 

S 

-4 

4 

0 

-0.243417736 

06 

-0.24341773E 

04 

0. 

S 

-4 

4 

1 

-0.462044486 

06 

-0.462046486 

04 

0. 

-4 

4 

4 

-0.122C193CE 

07 

-0.122019306 

07 

9. 

S 

-4 

4 

-4 

0.13260180F 

04 

0.132401806 

04 

0. 

s 

-It 

4 

-3 

0.544633896 

05 

0.546433886 

05 

0. 

s 

-It 

4 

0 

-0.184364906 

04 

-0.1B634480E 

04 

0. 

S 

-4 

4 

1 

-0.585013756 

04 

-0.585013756 

06 

0. 

S 

-4 

4 

4 

-0.U4314OOE 

07 

-0.114314006 

07 

0. 

s 

-4 

4 

-2 

0.544728336 

05 

0.544728336 

05 

0. 

s 

-3 

4 

-1 

-0.18091790F 

06 

-0. 180917906 

04 

0. 

4 

-3 

4 

2 

-0.579585346 

06 

-0.579505346 

06 

0. 

4 

-3 

4 

3 

-O.l  13771146 

07 

-0,111771146 

07 

9. 

4 

4 

-2 

0.29294149F 

06 

0.292941496 

04 

0. 

4 

-? 

4 

-1 

0.555707436 

35 

0.555707636 

05 

0. 

4 

-  j 

4 

7 

-0.143094486 

04 

-0.343094486 

04 

0. 

4 

-2 

4 

3 

-0.901 222956 

04 

-0,901222956 

04 

0, 

4 

-1 

4 

0.374562006 

04 

0.374542006 

04 

0. 

4 

-1 

4 

-3 

0.294623596 

04 

0.294423596 

06 

0. 

4 

-1 

4 

r 

0.555953976 

05 

0.555953976 

05 

0. 

4 

-1 

4 

1 

-0.343053556 

04 

-0.343053556 

06 

0. 

4 

-1 

4 

4 

-0.901  179846 

06 

-0.9CI 179046 

06 

0. 

4 

0 

4 

-4 

0,773193256 

06 

0.77319325E 

06 

0. 

4 

n 

4 

-3 

0.695754946 

06 

0.695254046 

04 

0. 

S 

n 

4 

0 

0,454224446 

04 

0.454224446 

04 

0. 

4 

n 

4 

1 

0.555777086 

35 

0.555777086 

05 

0, 

S 

o 

4 

4 

-0.502548596 

04 

-0.502549596 

04 

0. 

4 

1 

4 

-2 

0.491635946 

34 

0.491435946 

04 

0. 

4 

1 

4 

-1 

0.454245216 

34 

0,454245216 

06 

0. 

4 

1 

4 

2 

0,555777436 

35 

0.555777436 

05 

0. 

4 

1 

4 

3 

-0.502548506 

04 

-0.502548506 

06 

0. 

4 

7 

4 

-7 

0.124974076 

07 

0.124974076 

07 

0. 

4 

■> 

4 

-1 

0,101 237006 

07 

0.101237006 

07 

0. 

4 

7 

4 

7 

0.41370950F 

34 

0.413702506 

06 

0, 

S 

2 

4 

3 

0.555742386 

35 

0.555742386 

05 

G. 

s 

3 

4 

-4 

O.l 33131816 

07 

0.133131816 

07 

0. 

4 

3 

4 

-3 

0,175337976 

37 

0. 1253379 7F 

07 

0, 

4 

3 

4 

n 

0.101235156 

07 

0.101235156 

07 

f\ 

V  • 

4 

3 

4 

1 

0.413702526 

04 

0.4137')?52E 

06 

0. 
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J  1 

TMI  1 

J  2 

TMI  2 

men  njTOR 

NU  CALCULAIEO 

NU 

1, 

4 

A 

0.4457473«f  34 

0.555752386  05 

0. 

4 

4 

-4 

3,2  04«‘)0‘>4E  3  7 

0.204890946  37 

0. 

s 

4 

4 

-3 

0.197047106  37 

0.197097106  07 

0. 

s 

4 

4 

0 

0.172994286  37 

0.17299428E  07 

0. 

s 

/» 

4 

1 

0.133129386  37 

0.133129386  07 

0. 

s 

4 

4 

4 

0.773167536  36 

0.773167536  35 

0. 

s 

■j 

4 

-2 

0.195734206  37 

0.195735206  07 

0. 

r, 

S 

4 

-1 

0.1  72996126  07 

0.172996126  07 

0. 

S 

s 

4 

2 

3.133129386  37 

0.133129386  07 

0. 

S 

4 

3 

3.773167536  35 

0.773167536  06 

0. 

5 

4 

"4 

0.92481347F  34 

0.824813576  05 

0. 

S 

-  ^ 

4 

-4 

9.442842606  34 

0.542842606  04 

0. 

i; 

-2 

4 

-4 

0.31H97002E  36 

0.318970026  36 

0. 

S 

-? 

4 

-4 

0.241917096  35 

0.241917096  06 

0. 

<5 

-1 

4 

-3 

0.236431776  35 

0.236531776  06 

0. 

5 

- 1 

4 

-2 

0.431  135546  32 

0.431136546  02 

0, 

r; 

T 

4 

-3 

0.635163036  36 

0.635164036  06 

0. 

S 

ri 

4 

-2 

0.398674376  35 

0.398674376  05 

0. 

s 

1 

4 

-  4 

0.717644v66  35 

0.717544466  05 

0. 

s 

J 

4 

-4 

0.543591536  35 

0.640591536  06 

0. 

•s 

1 

4 

-1 

0.398631336  05 

0.39B63133E  06 

0. 

1 

5 

0 

0.733914376-31 

0.733914076-01 

0. 

s 

2 

5 

-4 

0.127576926  37 

0.127575926  07 

0. 

■i 

2 

4 

-4 

3.1  19871636  37 

0.11987163E  07 

0. 

s 

2 

4 

-t 

0.956756376  35 

0.955755076  05 

0. 

s 

2 

5 

0 

3.558124816  05 

0.558124816  05 

0. 

«5 

^ 

5 

-3 

0.U9328786  37 

0.119320786  07 

0. 

5 

3 

5 

-2 

0.956799196  36 

0.956799196  06 

0. 

s 

3 

5 

1 

0.553124746  06 

0.550124746  06 

0. 

Ti 

3 

4 

2 

0.416403646-34 

0.416403646-04 

0  • 

s 

4 

4 

-3 

3.in08791E  37 

0.191087916  07 

0. 

s 

4 

4 

-2 

0.157439056  07 

0.167439056  07 

0. 

'i 

4 

4 

1 

3.127571506  37 

0.127571606  07 

0. 

4 

4 

2 

0.717491296  36 

0.717591296  06 

0. 

s 

5 

4 

-4 

3.199336356  37 

0.19933505E  07 

0. 

«i 

5 

4 

-4 

3.191630766  37 

0.191630766  07 
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APPENDIX  B 


CALCULATION  OF  THE  TIME  DEPENDENCE  OF 
THE  EXPECTATION  VALUE  OF  THE  POLARIZATION  OPERATOR 

One  of  the  best  elementary  methods  of  determining  the  frequencies 
which  will  arise  in  a  nonlinear  medium  as  a  result  of  an  input  of  frequency 
0)  is  to  compute  the  expected  value  of  the  polarization  operator  for  the 
perturbed  state  (here  assumed  to  be  the  ground  state),  i.e.  <  ip  |  er|  ip  >, 
More  specifically,  the  time  dependence  of  this  expectation  value  is  desired. 
These  terms  have  been  computed  through  second  order  (yielding  second 
harmonic  terms)  in  Reference  40,  but  the  third  order  terms  from  which 
the  third  harmonics  must  be  determined  are  not  found  in  the  literature. 

The  electric  dipole  approximation  is  used;  this  should  be  especially  good 
at  millimeter  wavelengths,  since  the  wavelength  is  very  much  larger  than 
the  molecular  or  atomic  dimensions.  In  order  to  establish  the  notation,  the 
time  dependent  perturbation  theory  of  Reference  41  is  briefly  reviewed. 

Let  H  =  Hamiltoniau  (independent  of  time) 

S  =  S(t)  =  time  dependent  perturbation 

Then  the  Schrodinger  equation  is 


(H+3)  Y  = 

Determine  a  complete  orthonormal  set  by  the  eigenfunctions  of  the  unper¬ 
turbed  operator: 


n  n 


Express  the  state  function  as  a  series,  with  time  dependent  coefficients, 
of  the  • 

-  iel  t/f> 

i'(x,t)  =  1.  a  (t)e  ^  0  , 

n  n 

n 
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4 


Then  substituting  in  the  Schrodinger  equation,  taking  the  scalar  product, 
from  the  left,  by  and  employing  orthonormality,  we  obtain 


a 


n 


\ 

i 


where 


i( 


kn 


=  e 


"v 


<  0js|O„ 


>  =  e 


i'o,  t 
kn 


<  klsjn  >; 


with  an  obvious  change  of  notation  w,  =  (E  -E  )/h.  When  S  is  a  function 
of  t,  a  method  of  successive  approximations  is  Recessary.  Although  Frenkel 
regards  the  quantities  as  small  of  the  first  order,  it  appears  by  the 
Picard- Lindelof  theorem  that  continuity  of  S  on  an  interval,  satisfying  a 
uniform  Lipschitz  condition,  is  sufficient  to  ensure  uniform  convergence. 

For  details  of  the  pr  oof  (a  constructive  one)  see  Reference  42,  Chap.  II 
and  Exercise  1.1  of  Chap.  IV. 


We  let 


Then 


..  d  (1)  V 


(0) 


-»i 

kn  n 


..  d  (2)  y  .  ^1) 

‘It  j  ™  j®  ® 

^  m 


i-  =  r. 


dt 


ip  p 


where  a)^  is  the  initial  value  of  aj^(t). 

Since  the  are  known  functions  of  time,  we  may  integrate  these  equa¬ 
tions,  obtaining: 
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'f 


(1) 


a. 


(o) 


J,  (to  dt* 

kn 


4 

.2  n 
*  m  n 


t  t' 

"  3,  (f )  '*  S  (t”)  dt"  dt» 
km  *  mn 

0  0 


+  z  j:  Z 

*3  n 

A  p  m  n 


df* 


dt"  dt' 


These  equations  are  for  an  arbitrary  initial  superposition  of  states.  If  we 
know  that  the  initial  state  is  the  gth  state  we  may  let  a^^®^  ■  ^ng 
we  have: 


i  (o) 
“  T  a 
*<  g 


r  a^(f) 


dt' 


I  a 


(o) 


O  0 


t  t'  t" 

aj^^  = Z  Z  '' S.  (f )  r  S  (t")  I*  S  (t'" )  dt'"  dt"  dt ' . 

k  ^3  g  kp  po  mg 

o  o  o 

Since  the  algebra  for  these  states  becomes  very  unwieldy,  it  is  not  desir¬ 
able  to  go  beyond  the  third  order. 


If  we  assume  that  the  system  is  in  state  g  before  the  perturbation  is 
applied,  the  wave  function  is  «|(  ■  exp(lw  t).  After  ai^lication  of  the  per¬ 
turbation  the  state  ftinction  is; 


T  =  Z  (6  > 

-  »g 


.(1)  .  J2) 


^  a_ 


-iuu  t 
a 


Radiation  from  the  system  will  be  dependent  on  the  expectation  value  of 
the  polarixation  operator  for  the  perturbed  state  <4»|  erl  »|»>.  To  calculate 
this  expectation  value  we  first  need  to  determine  the  time  dependent  co¬ 
efficient  ak- 

We  assume  the  electric  field  is  of  the  form 


85 


i 


.‘■"t  -  io* 

^  ^  sin  (iJt  =  E  -  e 

-  -o  ^  2i 


The  perturbation  Hamiltonian  is.  in  the  dipole  approximation,  S  =  e  E  -r. 
The  matrix  elements  are  then 


"to" 


iiut  -iu't 

e - ^4 -  0  > 

2i  '  n 


-  e 


2i 


<  k|eE  •  r|n  >. 


Substituting  in  the  expression  for  the  time  dependent  coefficients: 


-  1  e 


p 


=  -4  ^  <  -n-  ^  ^O*  **  V  1  HrVl 


Tut)  -!Ju!) 

ng 


I  a2  o  nm  o  mg 

4^*-  m  ®g 


i(uj  +2111)  t 


i(uj  -uu)t 
nm 


’’  e  1  e 

^  L  Hu  t  2a>)  "■  Cai  „  - 

ng  nm 


iui  t 

1  e  "8  -  1  e 


i(it'  +u;)t 
nm  _ 


uu 


ng 


Tuu  +  uu)  J 
nm 


iu)  t  i(‘i'  -2u^)t 


r  e  -  1 


ng 


Uf  -  u;  L  uu 

Mg  ng 


(a.  -  2wy 

ng 


i(a‘  +x)t 

_  flDl  ^ 

-  1  ^  e_^ _ -_1 

Hi!  ♦  ui) 

nm 


[ 


i(a)  -ai)t 

«  -r  I 

*  (lU  -  Ui)  jj 

a» 


i 


(:')  i.  TV  °  "s  '*3.  (f)dt"  's_Jt"’)dt’"  where 

3_  =  -  ^  ^  .  '  ’.n  !=6 


W  ,n  S 


f 

i 

1. 
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i(ui  -'o)t 


ag 


i(U)  .<-ou)t 

^  *  1  0 


iCt«„  -.5<«)t 
a 

..  -u))(ii>  -2iu)(, 
mg  jg  ng 


i(.»l  -(|j)t 

-2. 


«  ““  -1 


-1 


i((«„  -2>«)t 
A  X 

'  (u»  -<i>UiT^)(!fi  -2(»jy  ^  (to  -UJ)C(B  -tt»K'u) 
mg  jm  nm  mg  jn  nj 


i(tM  -u>)t 

.  _ ,} 

(U)  .,-«))  J 


The  expectation  of  the  polarization  operator  is  then: 


<T  er 


I"  •<:  v  ■;“•  ■  i-'jv  -i”-  •;"• 

*  ’  *1"’  '  ^t}"K 


The  terms  may  be  grouped  according  to  fretfiency  dependence,  and  accord¬ 
ing  to  which  of  the  above  termtf  they  arose  from.  The  number  of  terms  is 
quite  large  and  they  will  be  written  in  an  abbre'dated  form. 

AU  terms  up  to  third  order,  l.e..  with  three  frequency  factors  in  their 
dcnomii.ators,  will  be  Ua;ed  explicitly,  categorUed  by  their  frequency  de¬ 
pendence,  l.e.,  d.c.,  «t,  2«t,  3«t.  Terms  of  third  order  and  lower  order 
arise  from  the  following  combinations  listed  in  the  expectation  of  the  polar¬ 
ization  operator: 


•S 


I 


...  <■ 


1. 

6  0 
ng  kg 

IV. 

(1)*  (1) 
a  u, 

n  k 

il. 

0  a,  +  a  0. 

ng  k  n  kg 

V. 

„(!)•  (^) 
a  u, 

n  k 

III. 

0  a,  +8  t>, 

ng  k  n  kg 

VI. 

n  kg 

(1) 

♦  a  a, 
n  k 


^  a 


Besides  those  terms  containing  multiples  of  ut.  terms  containing  unm^> 
ugnt  also  are  listed.  Table  I  below  lists  the  terms  in  accordance  with 
their  time  dependence.  The  column  on  the  right  lists  the  terms  from  which 
they  originate. 


Terms  of  higher  order  also  occur  of  course.  These  are  in  general  small 
for  two  reaf'ons,  that  the  products  of  the  matrix  elements  are  generally 
smaller,  the  e^^eater  the  number  of  factors,  and  the  denominators  are  large, 
because  of  the  greater  number  of  factor.  It  is  obvious  that  exceptions  may 
occur  because  of  resonance,  i.e.,  a  factor  in  the  denominator  approaching 
zero,  or  because  of  unusually  large  matrix  elements.  Such  occurrences 
are  sufficiently  unusual  so  as  to  be  unlikely  and  undependable.  In  illustra¬ 
tion  cf  the  types  of  denominators  which  occur  we  list 


i;  C'u,  + 

ug  kg  mg 


>8 


Tli  +  3u)(ai  +  +  (u) 

ng  wn  ug  rag 


no 


km  mg 


in  the  case  of  the  term  containing  resonance  factors,  that  is 


-  sii^ta'  -  yD')*' 

.la  km  mg 

the  possibility  of  efficient  operation  arises  if  equally  spaced  energy  levels 
can  be  found  in  a  suitable  material.  Exactly  equal  spacing  is  unlikely,  ymd 
even  approximately  equal  spacing  is  not  easy  to  find,  as  shown  in  the  pre¬ 
vious  discussion  in  this  report  on  asymmetric  lop  energy  levels.  The  ef¬ 
fects  of  line  broadening  mechanisms  have  not  been  included  here,  kmt  since 
they  would  allow  approximate  satisfaction  of  the  resonance  criteria,  they 
must  be  taken  into  account  in  any  design  of  nonlinear  multiple  quantum 
generators.  They  may  be  taken  into  account  approximately  by  replacing 
the  resonance  denominators  by  factors  containing  reciprocal  relaxation 
time  terms. 
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_5  r 

Z  <£;.r>  <ji*r>.  <jc;*r>  <  n|er('.t  >  Isin  «* 

n.3  o  ng  o  km  0  mg  »■ 

ni y Tft )  IV  On 


lTIU  +  +  2W)(0U  +  lu)  (“U  + 

na  kg  rag  ng  Kg  mg 


r  -~  <  E  •  r  > 


n,m  kfi' 


2  0  -  ng  0  -  mg 


.  I  I.  -  J  co3(2u;)t 

<  £  V  ^  1*  im  -  wKirr 


ng  mg 


cos(2(n)t 

:ou  + 

ng  mg 


2  .i— .  <£  •r>  <E  •r> 
^.2  o  -  nm  o  -  mg 
n,m  2n 


coe(2y)t  I 

f'ju  -  u))(ou  -  2^y  J 


['ju  -  uiKuu  -  21UJ 
mg  ng 


I  I  .  r  cos(2i«)t 

<  >mg  ^  I  (^TTIUJISTT 


mg  ng 


a  4^  am 


<n  sr 


I  .  r _ cos(3i<J)t  _ _  COoCgwH 

|g  >  1  (ttj  -  2«DKW  '  "  (U)„  +  («)(«J.  +  2tu)Cu)„  +  5(« 


u  ^  w/vwj  - 

mg  jg 


mg  ag 


•V-  1 


'^•-1 


TU‘  ^ 


>' <  0  le^  •  r(0  ><0.le£  •  r(0„  >  <  0„|eE^  *  r|0.  >  <  n(er|g 

ff  in  -0  -  g  j  -o  -  m  n  ~o  j 

II  TH  j  m  “ 

J  *"  1  1 

I  (cos('J^)t)  ii))((i)r+  2ii))("i>^^+  3'»)  '*' 


mg  3g 


_ I  I 

"  T^ij  +  i«)(i«.  +  2'J>)(i>'  III)  ^  (u)  +  U))((('.  +  2'«)(iu  .-  w5 
mg  jg  ng  mg  jg  no 


_  1  _  _  1 

+  (u)((U.  +  ^  (tw„  +  'J)i(uUj_+ 

mg  O'"  ‘I®  “8  3®  >^0 


■  {(«  +  (»J)C!M.  +  («)((«  .-  («) 

mg  0®  1^3  3S  ®g  >^6 

1  1  _ 1 

"  “"dg'‘V  "■*  * 


[ou  -  (O)0u.  +  (JU)(CU  +  2111) 
mg  0®  1^® 


Ltw  ^luTCuj.  +  uj)(u)  .+  w) 
mg  0®  >^3 


_ 1  1 

+  (w.g)(«J„g+  ^  ^‘"jg^^'V  “’^^"ng" 


“J-  Huy  +  >'')v')  •■ 
3g  ®g  "3 


_ 1  1  -. 


_ 1 _  1 

■*■  TU;  +  (I))(uu.  -  't))((i)  .-  mj  ■*■  (w  -  (ju)(u)  -  2u)Hu>  -  t") 

mg  0®  no  ®g  38  "8 


1  1 _ 

^"mg"  '‘'^^‘"38"  ^"’^^‘"no* 


_ I  1 

*  Xu)  -  tu)(u).  -  2U))(0U  .-  (o)  '*'  ^+  “J) 

mg  08  *13  mg  3®  “« 


/ 


(ill  +  >j)(iii,  )(io  -  !o)  (I'l  +  -  'u) 

ng  kg  mg  ng  ^  mg 
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